Nickel oxide-based photochromic composite films were fabricated by combining nickel nitrate in methanol solution with a transparent urethane resin. The resulting nickel oxide-based composite film showed a reversible photochromic property that was similar to the electrochromic property in nickel oxide-based films. IR spectra revealed that the valence state of nickel in the composite films changed from "+3" to "+2" under UV irradiation. The Ni-based particles dispersed in the films had sizes of 40100 nm.
Introduction
Nickel oxide or nickel oxyhydroxide (NiOOH) shows anodic electrochromism, with a color change from transparent to brown under a positive bias. 1) 3) It is generally known that the transition from the colored state to the bleached state in this material is related to a redox process involving Ni 3+ and Ni 2+ . Electrochromism in nickel oxide-based films is well known, but photochromism in this material has not yet been reported.
In a previous communication, we have reported WO 3 4), 5) and MoO 3 6) -based photochromic composite films; these films consisted of WO 3 or MoO 3 nanoparticles and a transparent urethane resin. Photochromism in these composite films is caused by UV irradiation due to the photo-electrochemical reduction of the valence states of tungsten or molybdenum. Thus, nickel oxidebased composite films consisting of nickel oxide nanoparticles and a transparent resin are also expected to show photochromism.
In the present investigation, we fabricated nickel oxide-based composite films using nickel nitrate in methanol solution and a transparent urethane resin, and evaluated the photochromic properties of the films.
Experimental procedure
Nickel nitrate hexahydrate [Ni(NO 3 ) 2 ·6H 2 O, Wako, Japan] and liquid urethane resin (M-40; Asahi Kasei Chemicals Corp., Japan) were used as starting materials; it was possible to cure this urethane resin by irradiation with UV light. The required amount of nickel nitrate tetrahydrate was dissolved in methanol to give a Ni concentration of 5.0 mol/L, and 0.5 mL of this solution of was mixed into 3.3 g (3 cm 3 ) of the urethane resin. The obtained mixture was agitated, and the precursor mixture (slurry state) was degassed at 1 kPa for 60 min to remove dissolved air. Subsequently, the precursor slurry was spread between two glass slides to obtain a film thickness of 150¯m after which it was cured for 1 min under UVVis irradiation, and the resulting composite films were removed from the glass substrates. The as-prepared composite films (named as "film 1") were colored green due to nickel nitrate (Ni 2+ ), and turned brown after re-irradiation with UVvis light for 60 min.
The photochromic properties of the composite films were measured with a UVVis spectrophotometer (UV-1600; Shimadzu Corp., Japan), and a 1 kW high-pressure Hg lamp was used to bring about the color change of the composite films. IR spectra of the films were measured using a Fourier transform infrared spectrometer (Jasco FT-IR 660 plus). The microstructure and electron diffraction of the composite films were observed by transmission electron microscopy (TEM, EM-002B; Topcon Corp., Japan).
Results and discussion
Precursor composite films were fabricated using nickel nitrate hexahydrate and liquid urethane resin, and these were irradiated with UV light for 1 min to cure the urethane resin. The resulting as-prepared composite films (film 1) were green in color. When these films were exposed to UVvis light for 60 min, the color of the films (film 2) changed to pale brown. Figure 1 shows the UVvis spectra for the as prepared composite film (film 1) and the film irradiated with UVvis radiation for 60 min (film 2), and the inset shows photographs of the films 1 and 2. The absorption spectrum of film 1 showed a shoulder peak at 380 nm, which is attributed to nickel nitrate (Ni 2+ ion). 7), 8) This peak disappeared for the film 2 after 60 min UV irradiation, and the film color turned from green (film 1) to pale brown (film 2). The resulting film color was close to the observed color for nickel oxide-based films reported previously.
2),3) Therefore, it is assumed that the Fig. 1 . UVvis spectra of the composite films before (film 1, as prepared) and after 60 min UV irradiation (film 2). The inset photographs are those of the films before (film 1) and after 60 min UV irradiation (film 2).
nickel nitrate (Ni 2+ ion) particle in the as-prepared films is converted to nickel oxide-based compounds by prolonged UV irradiation (60 min). When nickel nitrate in methanol solution was initially introduced into the urethane matrix, nickel oxide-based compounds were formed due to the reaction with oxygen and the hydroxyl ion in methanol.
In order to verify forming nickel oxide-based compounds in film 2, we carried out IR measurement for the film 2 (Fig. 2) . The peaks at 520 cm ¹1 due to NiOH bending vibration and at 464 cm ¹1 due to NiO stretching vibration 9) in nickel oxidebased compounds were observed for the composite film. The other absorption peaks were attributed to the urethane matrix. The result revealed that nickel compound in the obtained film (film 2) was nickel oxide-based compounds. We also carried out TEM-ED measurement for the composite film, and confirmed that the resulting particle structure NiO. The detail was described after session with the electron diffraction pattern. Hereafter, the pale brown color film 2 will be denoted as "composite film"; the photochromic property and microstructure of this composite film are described below.
The composite films were bleached because of the formation of nickel oxide-based particles upon prolonged UV irradiation; these were placed in the dark for two days for initialization before studying the photochromic properties. The photochromic properties of the initialized films were evaluated, and Fig. 3 shows the UVvis spectra for the composite films before and after 20 min of UV irradiation (the bleached film was placed in the dark for 48 h before the measurement). The inset photographs show the composite films before and after 20 min of UV irradiation. The transmittance of the composite film increased drastically after UV irradiation. This change in transmittance was very close to that observed for electrochromism in nickel oxide-based films before and after applying bias. In the case of photochromism of WO 3 -based composite films, the "+6" valence state of tungsten in WO 3 is reduced to "+5" by UV irradiation, and the color of the film changes from transparent to blue. 4),5) Similar to the previous investigation on the photochromism of WO 3 , in the present study, the valence state of Ni is reduced from "+3" in the composite film to "+2", and the color change is attributed to the change in the Ni valence state. After the irradiation, if the bleached film was placed in the dark, the transmittance returned to values close to that of the initial film. Hence, the composite film used in this study shows a reversible photochromic property. In previous, photochromic mechanism of MoO 3 has been reported, 10) and that of NiO can also be explained as follows:
In order to confirm the bonding and the valence state of Ni in the composite film, IR measurements were carried out. Figure 4 presents the IR transmittance spectra for the film before and after 20 min of UV irradiation. An IR absorption peak at 450 cm ¹1 , attributed to Ni 3+ (NiO stretching), was observed for the composite film before UV irradiation. 11) After UV irradiation for 20 min, a new IR absorption peak appeared at 405 cm ¹1 and the Ni 3+ peak at 450 cm ¹1 disappeared. This new peak at 405 cm ¹1 was attributed to Ni 2+ (NiO stretching). 11),12) These IR results suggest that the observed photochromic properties of the nickel oxide-based composites are due to the change in the Ni valence state caused by UV irradiation.
To the best of our knowledge, there are no reports of photochromism in NiOOH or NiO x , but the nickel oxide-based composite films used in this investigation show photochromic properties. We investigated the microstructures of the composite films, by TEM (Fig. 5) . Selected electron diffraction pattern was also shown in Fig. 5 , and the diffraction pattern was assigned as an NiO phase. The diffraction rings of NiO in the present work were good agreement with the previous report. 15) Particles with sizes in the 40100 nm range were observed to be dispersed in the composite films. For the WO 3 -based composite film or MoO 3 -based composite film, when the particle size in the composite film was nanometer order, photochromic property of those composite films was observed remarkably. 6),13), 14) Similarly, the presence of these nanometer sized nickel oxide-based particles in the composite could be one of reasons for the observed photochromic property.
Conclusions
nickel oxide-based composite films were fabricated using nickel nitrate in methanol solution and a transparent urethane resin. The as-prepared composite film showed a pale green color, and the film color changed from pale green to brown after 60 min of UV irradiation. The resulting film color was attributed to the formation of nickel oxide-based particles in the composite film, and the composite film showed a reversible photochromic property similar to electrochromism observed for nickel oxide-based compounds. The sizes of the nickel oxide-based particles were in the 40100 nm range, and these nanosized nickel oxide-based particles are probably responsible for the photochromic property.
In conclusion, we have successfully fabricated new nickel oxidebased photochromic materials.
